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INTRODUCTION 


When  greater  functional  demand  is  placed  on  an  organ,  it  responds 
with  greater  work  or  fails.  Numerous  examples  of  this  phenomenon 
occur  in  clinical  medicine:  the  left  ventricle  pumping  against  severe 
aortic  stenosis,  the  solitary  kidney  of  a  transplant  donor,  the  gut 
remnant  following  bowel  resection,  and  the  remaining  liver  lobe  following 
partial  hepatectomy.  The  ability  of  various  organs  to  display  compen¬ 
satory  growth  and  function  has  been  extensively  studied  with  convenient 
animal  models,  A  major  interest  of  research  in  this  field  has  been  to 
characterize  the  specific  molecular  stimulus  for  hypertrophy,'"' 1  This 
problem  has  also  been  recognized  as  related  to  the  issue  of  selective 
tissue  growth  in  embryology.  Intuitively,  the  most  attractive  hypothesis 
is  that  organ  mass  grows  in  response  to  requirements  for  its  function. 

As  will  be  discussed  later,  the  so-called  work  hypothesis  has  not  held 
up  to  experimental  scrutiny. 

When  a  portion  of  the  functional  complement  of  the  kidney  is  ablated, 
the  remnant  must  compensate  for  the  lost  functional  capacity  or  progres¬ 
sive  renal  failure  ensues.  Three  weeks  after  operation,  human  kidney 
transplant  donors  typically  regain  approximately  70%  of  their  original 
two-kidney  glomerular  filtration  rate  (G-FR)  and  70%  of  their  original 

r/ 

renal  blood  flow  (RBF)."U  Thus  the  solitary  kidney  processes  hot  more 
fluid  and  maintains  electrolyte  balance  without  adverse  consequences. 


These  increases  remain  stable  for  at  least  three  years  post-nephrectomy. 
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The  minimum  complement  of  renal  tissue  which  will  preserve  adequate 

fluid  balance  is  unknown.  The  mammalian  kidney  seems  perfectly  capable 

of  satisfactory  function  following  uninephrectomy  (50^  ablation).  On 

the  other  hand,  a  five-sixths  nephrectomy  results  in  chronic  renal 
1  io 

failure.  Shea  and  co-workers  describe  three  phases  through  which 
renoprival  tissue  passes  following  five-sixths  nephrectomy.  The  initial 
period  of  functional  compensation  or  hypertrophy  is  similar  to  the  course 
following  uninephrectomy,  but  it  soon  gives  way  to  glomerulosclerosis 
and  eventual  renal  failure.  Whereas  the  blood  urea  nitrogen  and  phos¬ 
phate  remain  relatively  stable  after  uninephrectomy,  they  increase 
progressively  following  five-sixths  nephrectomy.  Subtotal  nephrectomy 
has  also  been  shown  to  potentiate  streptozotocin  in  the  production 

of  diabetic  renal  lesions,  primarily  thickening  of  the  mesangial  matrix 

it 

and  deposition  of  Igl  and  Cy  J  The  left  ventricle  of  the  heart  has 
also  been  characterized  as  progressing  through  three  stages  in  response 

nO 

to  experimental  aortic  stenosis,'"  The  initial  period  of  functional 
strain  with  markedly  increased  protein  synthesis  is  followed  by  several 
months  of  stable  hyperfunction  eventually  progressing  to  heart  failure. 

Thus  adaptive  hypertrophy  represents  the  initial  response  of  reno¬ 
prival  kidney  tissue.  Fortunately  for  kidney  donors,  the  solitary 
kidney  of  humans  and  experimental  animals  equilibrates  in  compensatory 
hypertrophy  and  does  not  go  on  to  chronic  renal  failure.  Since  compen¬ 
satory  renal  growth  has  been  an  experimentally  reproducible  response 
to  contralateral  nephrectomy  it  has  provided  an  ideal  model  for  the 
study  of  organ  hypertrophy.  Several  investigators  have  described 
morphologic,  functional,  and  biochemical  changes  that  occur  in  the 
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kidney  following  contralateral  nephrectomy.  Additional  research  has 
"been  directed  toward  elucidating  the  influences  on  normal  kidney 
growth  and  the  stimuli  for  compensatory  growth.  The  following  litera¬ 
ture  review  will  summarize  what  is  known  about  the  kidney's  response  to 
uninephrectomy  and  the  stimuli  for  this  response, 31*65»69»75»90 


REVIEW  OF  LITERATURE 


MORPHOLOGY 

The  most  obvious  component  of  compensatory  renal  growth  is  the 

increase  in  mass  which  is  visible  within  one  week  following  uninephrec- 

tomy,^  Several  studies  have  quantitated  this  increase.  When  critically 

reviewing  these  findings,  one  must  remember  that  vascular  engorgement 

and  increased  water  content  following  nephrectomy  may  contribute  to 

the  increase  in  wet  weight.  This  has  not  proved  to  be  a  problem  since 

1  20 

wet  and  dry  kidney  weights  have  been  shown  to  Increase  equally,  with 

dry  weight  consistently  comprising  approximately  20^  of  the  total  renal 
43 

mass.  Another  pertinent  point  is  that  the  right  kidney  m  rats  is 
3  to  h%  heavier  and  has  higher  total  DNA  and  RNA  content  than  the  left.-^'^'^ 
This  potential  problem  is  easily  avoided  by  always  removing  one  side 
in  any  given  experiment.  The  possible  etiology  for  this  discrepancy 
between  right  and  left  kidneys  will  be  discussed  below  with  respect  to 
stimuli  for  kidney  growth. 

The  increase  in  dry  renal  mass  after  nephrectomy  in  the  rat 

48 

appears  to  be  approximately  linear  with  time.  There  is  a  true  increase 
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in  dry  mass  of  about  3  to  6$  after  24  hours ,  15$  after  48  hours,  and 

34  48  99 

30$  after  3  to  5  days,'"  *  3"  Reports  become  more  variable  at  longer 

time  periods  with  increases  of  4(3$  reported  for  1  weekJU  and  35  to 
50$  reported  for  2  weeks, ^  A  commonly  reported  figure  is  an  increase 
of  50$  by  4  weeks,  representing  growth  to  75$  of  the  original  renal 
mass.  Similar  increases  have  been  found  in  hamsters  and  mice  which 
yield  increases  in  dry  mass  of  40  to  45$  at  2  weeks and  50$  at  4 
weeks, respectively. 

Progressive  ablation  of  increasing  amounts  of  the  kidney  comple¬ 
ment  has  been  shown  to  evoke  a  proportionate  response  of  increased 
mass, 52  Kaufman  and  co-workers  demonstrated  a  31$  increase  in  renal 
mass  in  control  rats  over  4  weeks,  while  rats  with  50$  ablation  (uni¬ 
nephrectomy)  showed  an  3l;$  increase  and  rats  with  a  ?Z%  ablation  had  a 
168$  increase. 

An  increase  in  the  dry  mass  of  an  organ  or  tissue  represents  the 
cumulative  effect  of  the  processes  of  hyperplasia  and  hypertrophy.  Hyper¬ 
plasia  is  an  increase  in  the  number  of  cells  constituting  the  functional 
unit  of  an  organ  and  is  indicated  by  an  increased  cell  number,  increased 
mitoses,  and  increased  DNA,  Hypertrophy  is  an  enlargement  of  the  func¬ 
tional  unit,  such  as  a  villus,  an  acinus,  or  a  renal  tubule,  and  is 
indicated  by  increased  cell  size,  increased  protein,  and  increased  RNA, 
Hypertrophy  at  the  level  of  functional  organization  may  also  be  based  on 
hyperplasia  at  the  cellular  level.  The  contribution  of  hyperplasia  to 
compensatory  renal  growth  has  been  evaluated  by  the  number  of  cells  and 
mitoses  in  the  compensating  kidney.  Zumoff  and  Pachter  estimated  the 
absolute  number  of  nuclei  in  a  normal  rat  kidney  at  315  million  and  in 
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an  adapting  kidney  1 6  days  post-nephrectomy  at  321  million  suggesting 
negligible  hyperplasia.1-^  Although  there  is  no  increase  in  the  num¬ 
ber  of  glomeruli, -52  Hartman  and  co-workers  found  the  number  of  glomeruli 
per  high-power  field  to  be  decreased  by  ZQ%  at  4  to  7  days  after  nephrec¬ 
tomy,  suggesting  tubular  hypertrophy  producing  decreased  glomerular 

concentration.^1  Other  studies  report  a  two-fold  increase  in  glomeru¬ 
li  o 

la.r  volume  2  weeks  after  a  five-sixths  nephrectomy.  u 

In  an  attempt  to  gain  more  sensitive  estimates  of  hyperplasia 
several  investigators  have  studied  the  number  of  mitotic  figures  as  a 
percent  of  the  cell  population.  The  mitotic  index  (MI)  in  control  rat 
kidneys  has  been  reported  at  10  mitoses  per  10,000  cells  increasing  to 
a  peak  of  about  6 0  at  48  hours  post-nephrectomy.'7'7  By  way  of  compari¬ 
son,  the  compensating  rat  liver  shows  a  peak  MI  of  3^0  at  24  hours  after 
partial  hepatectomy.1^  Thus  liver  regeneration  gives  a  greater  mitotic 
response  with  an  earlier  peak,-^  More  important  than  the  absolute 
value  of  the  MI  is  the  relative  increase  following  nephrectomy  which 
is  consistently  reported  as  peaking  at  six-fold  at  48  hours. 22»2<?»32,34,??,98 
A  second  peak  at  8  days  is  not  nearly  as  well-defined, 

McCreight  and  Sulkin  demonstrated  that  the  mitotic  index  shows 
a  graded  response  to  progressive  ablation  of  renal  mass  in  rats.  Re¬ 
moval  of  half  of  each  kidney  yielded  a  six-fold  increase  after  50  hours 
similar  to  uninephrectomy.  Removal  of  1-1/2  kidneys  gave  an  18-fold 
increase  and  removal  of  1-3/4  kidneys  resulted  in  a  25-fold  increase,2'' 

The  DNA  labeling  index  in  adapting  rat  small  intestine  has  also  shown 
increases  proportional  to  the  amount  of  resection. ^ 
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Mitotic  activity  can  also  "be  estimated  by  the  labeling  index  (LI) 
with  ^K-thymidine  and  autoradiography.  The  LI  is  a  more  sensitive 
indicator  of  hyperplasia  since  it  detects  active  DNA  synthesis  as  well 
as  mitoses.  Typical  values  for  the  labeling  index  in  normal  kidneys 
are  10  to  30  labeled  cells  per  10,000  cells, Reports  are  consis¬ 
tent  that  the  peak  LI  occurs  40  to  48  hours  after  nephrectomy  with  an 
increase  of  four  to  ten-fold. 76, 98, 10^, 120  jn  -both  rats  and 
hamsters,  maximal  response  is  seen  in  the  cortex  and  outer  medullary 
areas  with  virtually  no  change  in  the  inner  medulla. 103*119  The  more 
pronounced  hyperplastic  response  of  the  liver  is  again  evident  by  peak 

labeling  indices  of  3000  in  rat  liver  at  24  hours  post-hepatectomy^' 

1 1  2 

and  593  in  dog  liver  at  ?2  hours. 

The  histology  and  fine  structural  changes  of  compensatory  renal 

1  4 

growth  are  most  prominent  in  the  proximal  tubule,  *  Anderson 

reports  dilation  of  the  cisternae  of  both  the  rough  endoplasmic  reticu¬ 
lum  and  the  Golgi  apparatus  in  tubular  epithelial  cells  %  hours  after 

4 

contralateral  nephrectomy.  Small  vesicles  appear  along  with  increased 
numbers  of  cytoplasmic  ribosomes.  Cilia,  which  are  normally  absent, 
appear  at  the  luminal  apices,  and  microtubules  increase  in  number.  Of 
interest  is  the  fact  that  apical  cilia  also  appear  in  rapidly  growing 

renal  tumor  cells.  There  is  also  an  overall  increase  in  the  proximal 

42  . 

tubular  volume.  Micropuncture  studies  show  a  17%  increase  in  luminal 

diameter,  a  14$  increase  in  outside  diameter,  and  a  %$  increase  in 
volume  of  the  proximal  tubule.  The  distal  tubule  shows  a  more  modest 
volume  increase  of  25$.  Johnson  and  AmendoXa.  found  increased  mito¬ 
chondrial  profiles  in  the  proximal  tubule  corresponding  with  the 
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increase  in  dry  massJlD  Mitochondria  in  the  renoprival  kidney  also 
assume  pleomorphic  forms  for  unknown  reasons.  Incidentally,  there 
are  10  to  20$  more  mitochondria  in  the  right  kidney  of  rats  than  in 

he 

the  left.  '  If  indeed  mitochondrial  function  is  increased  in  the 
proximal  tubule  this  would  appear  to  suggest  a  response  to  work  over¬ 
load  on  the  part  of  the  compensating  kidney.  The  ’’work  hypothesis" 
for  compensatory  renal  growth  will  be  discussed  later,, 

FUNCTION 

Unilateral  nephrectomy  does  not  appear  to  impair  total  renal 
function  in  either  transplant  donors  or  experimental  animals.  If  the 
work  of  filtration  and  reabsorption  is  adequately  performed  by  a  single 
kidney  then  either  more  nephrons  are  recruited  or  previously  functional 
nephrons  work  harder. 

The  glomerular  filtration  rate  of  the  renoprival  kidney  increases 
along  a  time  course  corresponding  roughly  to  the  increase  in  renal 
Inass.22',^0’®2,^  GFR  is  increased  29 $  at  3  days,  at  7  days,  and 
76$  at  14  days , ^  GFR  was  formerly  thought  to  be  unchanged  for  2  days 
post-nephrectomy  but  more  recent  studies  using  clearance  of  iothalamate 
with  hypotonic  expansion  of  the  extracellular  fluid  have  shown  that 
GFR  increases  21$  over  controls  at  24  hours  and  may  be  significantly 
increased  within  30  to  90  minutes.^  Renal  plasma  flow  is  increased 
25%  over  control  at  1  day  post-nephrectomy, S'?  Both  GFR  and  RBF 
approach  80$  of  the  original  two-kidney  values  1  year  after  nephrectomy.  i~r’ 
^0*75  changes  in  the  filtration  in  Individual  nephrons  have  been 
studied  using  micropuncture  techniques.  Two  to  four  weeks  after 
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nephrectomy  the  mean  nephron  gfr  is  7 8.8  nl/min  compared  to  the  con- 

lip 

trol  value  of  45.2.  Over  the  same  time  period  the  GFR  per  kidney 
per  100  gm  body  weight  increases  from  358  microliters/min  to  689. 

Thus  the  gfr  in  surface  nephrons  increases  roughly  the  same  as  the 
whole  kidney  GFR.  This  evidence  supports  the  hypothesis  that  greater 
work  is  performed  hy  previously  functional  nephrons  rather  than  nephron 
recruitment. 

As  with  renal  mass  and  mitotic  index,  the  compensatory  increase 

in  GFR  has  "been  shown  to  be  graded  with  progressive  ablation.  Kaufman 

and  co-workers  demonstrated  that  2  to  4  weeks  after  operation  mean 

nephron  gfr  was  47.3  nl/min  in  control  rats,  75.9  in  uninephrectomy, 

and  111.6  in  75%  ablation.^2  Corresponding  results  for  five-sixths 

88 

nephrectomy  have  been  reported  by  Morrison  and  Howard.  J 

Changes  in  glomerular  perfusion  immediately  following  nephrectomy 
have  been  studied  using  injections  of  the  fluorescent  dye  vasoflavin.41 
Fluorescent  counts  are  increased  16%  immediately  after  nephrectomy 
in  young  rats  (50  to  125  gm)  but  unchanged  in  adults  (126  to  200  gm). 
Both  groups  show  increased  glomerular  perfusion  4  to  7  days  after 
nephrectomy.  The  increase  in  perfusion  without  an  increase  in  the 
number  of  glomeruli  suggests  that  the  adapting  kidney  handles  the  in¬ 
creased  blood  flow  by  decreasing  vascular  resistance.41  Along  with 
increases  in  individual  nephron  perfusion  and  filtration,  the  rate  of 
urine  production  per  nephron  increases  from  4.4  microliters/min  in 

4  p 

controls  to  7*0  microliters/min  within  2  to  4  weeks  of  nephrectomy. 

Micropuncture  studies  demonstrate  that  the  fraction  of  filtrate 
reabsorbed  in  both  the  proximal  and  distal  tubules  as  determined  by 
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the  tubular  fluid  inulin  to  plasma  inulin  ratio  remains  unchanged  2  to 

h? 

4  weeks  after  nephrectomy.  The  half-time  for  reabsorption  of  an 
isolated  droplet  was  also  unchanged  in  the  proximal  tubule.  However, 
when  viewed  with  respect  to  the  increased  luminal  diameter  of  the 
proximal  tubule  after  nephrectomy  the  reabsorptive  rate  constant  is 
increased  46$.  In  the  distal  tubule  the  reabsorptive  half-time  is 
decreased  by  44$  and  the  reabsorptive  rate  constant  increases  87$. 

Thus  the  increased  reabsorption  is  the  result  of  increased  tubular 
volume  alone  in  the  proximal  tubule  and  the  result  of  both  increased 
volume  and  increased  rate  in  the  distal  tubule.  Despite  increased 
overall  absorption,  both  sodium  and  potassium  tubular  fluid  to  plasma 
ratios  are  unchanged  by  compensatory  growth  in  the  distal  and  proximal 
tubules.  This  finding  is  indirectly  verified  by  Weinman  and  co-workers 
who  found  parallel  increases  in  weight  and  GFR  such  that  tubular  re¬ 
absorption  of  sodium  per  gram  of  kidney  is  unchanged  4  days  after  ne¬ 
phrectomy.1^  Northrup  and  Malvin  also  found  sodium  reabsorption  per 
100  gm  body  weight  unchanged  30  hours  after  nephrectomy, Since  the 
increased  reabsorptive  load  appears  to  be  handled  mainly  by  increased 
tubular  volume  and  overall  kidney  size,  one  might  expect  some  loss  of 
filtrates  in  the  urine.  This  appears  to  be  the  case  with  increased 
urinary  loss  of  both  sodium^1' 7  and  potass  ium.^*^ 

In  healthy  human  kidney  donors  BUN  and  creatinine  increase  about 
30$  within  3  weeks  of  uninephrectomy, ^  Similar  results  are  seen 
in  rats  where  there  is  a  significant  increase  in  BUN  from  20.8  to  26.3 
after  4  weeks. Other  reports  in  rats  show  that  the  BUN  eventually 
increases  to  about  40  and  remains  stable  out  to  20  weeks. By  contrast 


10 


the  BUN  rises  from  20  to  71.2  within  3  weeks  of  a  five-sixths  ne- 
1 10 

phrectomy.  Beyond  20  weeks  the  rats  with  five-sixths  nephrectomy 
tend  to  decline  toward  severe  uremia  and  eventual  death.  They  also 
develop  severe  proteinuria  with  greater  than  150  mg  excreted  per  day 
compared  to  3.59  in  controls. 

BIOCHEMISTRY 

Biochemical  techniques  allow  characterization  of  possible  molec¬ 
ular  changes  occurring  with  compensatory  renal  growth.  Increases  in 
both  the  MI  by  mitotic  counts  and  the  LI  by  autoradiography  suggest 
that  DNA  synthesis  is  accelerated.  In  addition  to  defining  molecular 
activity  biochemical  assays  will  help  quantitate  the  relative  contri¬ 
butions  of  hyperplasia  and  hypertrophy. 

DNA  Synthesis 

When  studying  any  molecular  constituent  of  the  cell  several 
approaches  are  available.  With  regard  to  DNA  synthesis  one  could  use 
°H-thymidine  autoradiography,  total  DNA  content,  rate  of  DNA  synthesis 
using  labeled  precursors,  or  activity  of  enzymes  involved  in  DNA  syn¬ 
thesis,  Indirect  estimates  of  DNA  synthesis  via  the  labeling  index 
have  already  been  discussed. 

The  total  DNA  content,  representing  the  bulk  accretion  of  DNA, 
increases  slowly  following  uninephrectomy  in  rats  to  a  10 %  elevation  at 
1  week  and  a  25.^  elevation  at  2  weeks.'70*120  The  first  significant 
increase  occurs  4  days  after  nephrectomy.  Since  the  amount  of  DNA  per 
cell  remains  relatively  constant,  this  increase  in  total  DNA  must 
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reflect  a  true  hyperplasia  with  increased  numbers  of  cells.  Thus 
DNA  content  keeps  pace  with  the  increase  in  cellularity. 

The  rate  of  DNA  synthesis  is  typically  estimated  by  introducing 
labeled  tracers  into  the  precursor  pool  for  a  given  period  of  time 
and  counting  the  uptake.  Threlfall  and  co-workers  injected  >dP- 
labeled  precursor  intraperitoneally  in  rats  2  hours  prior  to  sacri¬ 
fice,120  Total  labeled  DM  was  maximally  increased  75‘#  over  control 
at  2  days.  Elevation  was  maintained  at  3  and  4  days  but  had  decreased 
by  ?  to  14  days.  The  biochemically  determined  peak  rate  of  DNA  syn¬ 
thesis  at  48  hours  coincides  with  the  peak  of  the  LI  reported  as 
42  to  48  hours,"  9  "  ’  ’  *  ~  The  activity  of  some  enzymes  involved 

in  DNA  synthetic  pathways  is  increased  following  uninephrectomy. 
Deoxythymidine  kinase,  deoxythymidine  monophosphate  kinase,  and 
2* -deoxycytidine-5} -monophosphate  deaminase  all  show  increased  activ¬ 
ity  just  prior  to  the  burst  of  mitoses  with  peaks  occurring  from  24  to 

78 

48  hours  post-nephrectomy, f J  By  contrast  2* -deoxythymidine-5* -mono¬ 
phosphate  phosphatase  and  deoxycytidine  kinase  exhibit  no  demonstrable 
changes. 

Thus  both  the  synthesis  and  accretion  of  DNA  are  increased  within 
1  week  of  nephrectomy  in  rats  suggesting  significant  hyperplasia, 
Johnson  and  Vera  Roman  estimated  the  relative  contribution  of  hyper¬ 
plasia  to  overall  compensatory  renal  growth  by  comparing  the  percentage 

48 

increase  in  dry  weight  with  the  increase  in  cell  number.  Through 
some  mathematical  manipulations  of  the  labeling  index  they  concluded 
that  compensatory  renal  growth  is  about  75^  hypertrophy  and  25^ 
hyperplasia.  The  marked  increases  in  RNA  and  protein  synthesis  dis¬ 
cussed  below  bear  out  this  estimate. 
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RNA  Synthesis 

Unlike  DNA  content  which  shows  no  appreciable  increase  for  4 

90 

days  post-nephrectomy,  RNA  content  increases  rapidly.  A  signifi¬ 
cant  accretion  in  hulk  RNA  per  kidney  of  about  10$  occurs  within  24 

1 0  99 

hours  of  nephrectomy  in  the  rat.  ,/7  RNA  content  may  be  increased 

as  much  as  40$  by  2  days  but  tends  to  show  no  further  increase  out 
120 

to  2  weeks.  The  RNA/DNA  ratio  has  been  used  by  many  investigators 

as  an  estimate  of  the  RNA  content  per  cell  and  has  proved  to  be  a 

sensitive  and  reliable  indicator  of  compensatory  growth.2^'’®'7  Data 

on  RNA/DNA  show  typical  increases  of  21 %  at  24  hours, ^  2 5$  at  30 

hours,  and  40$  at  48  hours'^  with  little  further  increase  for  4 

weeks/0  Halliburton  and  Thomson  reported  a  ?$  increase  in  RNA/DNA 

34  3S 

within  12  hours  of  nephrectomy,-' 1 

Estimates  of  the  rate  of  RNA  synthesis  are  performed  with  radio¬ 
active  tracers  as  in  DNA  synthesis.  Johnson  and  Vera  Roman  found  a 
25$  increase  in  RNA  labeling  with  %-cytidine  1  hour  after  nephrectomy 

uo 

in  rats  but  most  other  studies  report  a  somewhat  slower  response, 
Halliburton  and  Thomson  report  increased  labeling  with  °H-orotic  acid 
within  4  hours. 35  Threlfall  and  associates  found  RNA  counts  per 
minute  (cpm)  per  mg  RNA  increased  25$  at  24  hours  with  two  peaks  of 
100$  at  2  days  and  4  days.  While  there  is  obvious  numerical  varia¬ 
tion  with  the  use  of  different  labled  precursors,  studies  generally 
agree  that  RNA  synthetic  rate  is  significantly  increased  early  on  in 
the  compensatory  growth  response. 

The  contribution  of  the  various  classes  of  RNA  to  the  overall 
increase  in  total  RNA  content  has  also  been  extensively  studied.  Since 


ribosomal  RNA  (rRNA)  comprises  about  80$  of  all  cellular  RNA  and  in¬ 
creased  cytoplasmic  ribosomes  are  seen  histologically  after  nephrec¬ 
tomy,  one  might  expect  a  specific  increase  in  this  constituent.  Malt 
and  Stoddard  found  a  two-  to  four-fold  increase  in  labeling  of  ribo¬ 
somes  with  RNA  precursors  within  4  days  of  nephrectomy,'-"'  Labeling 

of  nuclear  precursors  of  rRNA  with  %-uridine  in  mouse  kidney  peaks 

72 

at  2  days  paralleling  the  peak  of  mitotic  activity  by  MI.  Membrane- 
bound  ribosomes  are  presumably  associated  with  the  production  of  glyco 
proteins  and  proteins  for  export  whereas  free  ribosomes  function  in 
protein  synthesis  for  intracellular  use.  With  this  information,  it 
was  thought  that  analysis  of  free  versus  bound  ribosomes  after  nephrec 
tomy  might  give  clues  to  functional  changes.  In  the  mouse  kidney  10 
to  2 'yfo  of  the  ribosomes  are  membrane-bound  and  75$  of  the  bound  ribo¬ 
somes  are  polysomes.  The  proportion  of  membrane-bound  ribosomes  and 
the  degree  of  aggregation  as  polysomes  proved  to  be  unchanged  after 

nephrectomy.  In  contrast  75$  of  ribosomes  are  bound  in  the  normal 
12 

liver  which  is  consistent  with  the  production  of  protein  for  export. 
Following  partial  hepatectomy  there  is  a  dramatic  increase  in  free 
ribosomes  suggesting  a  shift  toward  synthesis  for  cellular  enlargement 
Since  messenger  RNA  (mRNA)  is  highly  subject  to  degradation  and 
comprises  a  smaller  fraction  of  the  cellular  RNA,  its  behavior  after 
nephrectomy  has  been  more  difficult  to  define.  Messenger  RNA  syn¬ 
thesis  appears  to  follow  a  pattern  reciprocal  to  rRNA,  remaining  low 

for  2  days  after  nephrectomy  and  peaking  on  day  4  when  rRNA  synthesis 
72 

is  at  a  minimum/ 
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In  attempts  to  detect  ever  earlier  changes  in  compensatory  renal 
growth  investigators  have  considered  nuclear  RNA  metabolism.  The 
nucleoplasm  of  the  mouse  kidney  contains  rapidly  labeled  heterodisperse 
RNA  (HnRNA)  sedimenting  between  10S  and  70S.  7  When  labeled  via  H- 

uridine  and  analyzed  with  polyacrylamide  gel  electrophoresis,  HnRNA 
gives  normal  labeling  patterns  10  minutes  after  nephrectomy  but  shows 
disappearance  of  species  larger  than  28S  after  60  minutes.  Further 
experiments  have  shown  this  phenomenon  to  be  the  result  of  faster 
turnover  of  large  HnRNA  molecules.  The  role  of  this  finding  in  com¬ 
pensatory  renal  growth  is  unknown, 

A  discussion  of  RNA  metabolism  in  compensatory  growth  would  be 
incomplete  without  mention  of  some  of  the  problems  inherent  in  experi¬ 
ments  in  this  field.  Most  studies  have  assumed  that  the  increase  in 
bulk  nucleic  acids  is  due  to  increased  synthesis  rather  than  decreased 
turnover.  To  investigate  the  latter  possibility,  Malt  and  Lemaitre 
compared  the  catabolism  of  rRNA  in  renoprival  and  normal  mouse  kidneys. 

In  both  cases  degradation  of  rRNA  was. shown  to  be  exponential  with  a 
half-life  of  4,1  days.^  Thus  the  increase  in  bulk  nucleic  acids 
apparently  represents  a  true  increase  in  synthesis. 

In  experiments  using  radioisotopes  the  question  must  be  asked  if 
the  rate  of  incorporation  of  the  tracer  is  equal  or  proportional  to  the 
actual  rate  of  synthesis.  In  most  cases  the  specific  activity  of  the 
precursor  pool  has  not  been  measured  so  the  relationship  between  the 
rate  of  labeling  and  the  rate  of  synthesis  is  unknown.  This  is  usually 
handled  by  comparing  experimentals  with  controls  and  estimating  increases 
on  that  basis.  This  problem  becomes  a  consideration  in  comparing 


. 

• 
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quantitative  results  of  experiments  using  different  tracers.  In 
studies  of  regenerating  rat  liver  Maramatsu  and  Busch  found  that 
32p_orotic  acid  yielded  a  five-fold  greater  increase  in  nuclear  RNA 
labeling  than  ^C-orotic  acid,0^  While  the  results  of  individual 
experiments  may  he  perfectly  valid,  caution  must  he  exercised  when 
comparing  data,  generated  from  different  protocols. 

Protein  Synthesis 

The  protein  content  of  the  renoprival  rat  kidney  increases 
approximately  10 $  during  the  first  24  hours  after  nephrectomy. 
Halliburton  and  Thomson  report  a  12$  increase  in  protein/DHA  or  pro¬ 
tein/cell  for  24  hours. 3^  Coe  and  Korty  describe  a.  biphasic  time 
course  for  protein  accretion  with  a  10.9$  increase  from  0  to  24  hours, 
a  modest  4.1$  increase  from  24  to  48  hours,  and  a  12.8$  increase  from 
48  to  7 2  hours.  They  also  report  the  earliest  significant  increase 
of  6.6$  at  14  hours.  Bignall  and  co-workers  found  no  significant 
change  in  protein  content  for  36  hours,  but  Coe  and  Korty' s  data  has 
been  verified  by  other  investigators. 9-5*99 

Determinations  of  the  protein  'synthetic  rate  embrace  all  the 
difficulties  of  interpretation  discussed  above  with  respect  to  RNA 
synthesis.  Rate  of  synthesis  is  again  estimated  by  the  introduction 
of  radioactive  precursors,  but  two  distinct  approaches  have  been  used 
in  protein  synthesis:  an  in  vivo  system  using  intraperitoneal  in¬ 
jections  of  tracers  and  an  incubation  system  using  isolated  slices  of 
renal  tissue.  Using  the  first  system,  Meerson  and  associates  found 
increased  incorporation  of  intraperitoneal  35s_methicnine  in  renal 
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protein  within  24  hours  after  nephrectomy.?^  Similarly,  Johnson 
and  Vera  Roman  found  a  two-fold  increase  in  ^C-leucine  incorporation 
3  hours  after  nephrectomy  with  intraperitoneal  injection  of  tracer 
1  hour  before  sacrifice.  However,  they  expressed  results  as  counts 

48 

per  minute  per  milligram  wet  weight  without  extracting  the  protein. 

Since  renal  blood  flow  is  increased  soon  after  nephrectomy,  hemo¬ 
dynamic  changes  may  have  increased  the  delivery  of  tracer  to  the  kidney 
and  thus  increased  the  specific  activity  of  the  precursor  pool.  In¬ 
creased  counts  per  unit  wet  weight  may  then  represent  increased  counts 
in  the  precursor  pool  rather  than  counts  actually  incorporated  in  syn¬ 
thesis. 

The  problem  of  possible  hemodynamic  contribution  to  the  increased 
tracer  uptake  has  been  approached  by  using  in_  vitro  incubation  of 
hypertrophied  kidney  slices.  The  typical  procedure  involves  performing 
a  nephrectomy,  allowing  specified  time  intervals  for  compensatory 
growth,  harvesting  and  slicing  the  kidneys,  and  incubating  the  slices 
with  appropriate  tracers, '^0jl  Results  are  most  reliable  when  expressed 
as  specific  activity  or  counts  per  minute  per  weight  of  protein  per  time 
of  incubation,  Bignall  and  associates  found  increased  incorporation 
of  ^C-leucine  over  1  hour  in  kidney  slices  6  hours  after  nephrectomy 
but  no  change  in  the  incorporation  of  ^C-glutamine.^0  Coe  and  Korty 
found  the  uptake  of  %-leucine  over  1  hour  of  incubation  to  be  nonsig- 
nificantly  increased  during  the  first  14  hours.  Incorporation  decreased 
to  control  values  at  24  hours  but  went  on  to  show  significant  increases 

po 

to  20%  at  48  hours,  '  They  concluded  that  the  rate  of  protein  syn¬ 
thesis  is  also  biphasic  with  peaks  of  synthesis  preceding  the  biphasic 
increases  in  total  protein  content  of  the  kidney. 
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Phospholipids 

The  earliest  known  biochemical  change  in  compensatory  renal 

growth  is  the  increase  in  phospholipid  metabolism  reported  by  Toback 
<1  124 

and  associates.  *  These  investigators  incubated  adapting  kidney 
slices  with  ^C-choline  for  30  minutes  and  found  incorporation  to 
be  increased  37^  at  5  minutes  after  nephrectomy.  The  maximum  level 
was  68%  at  20  minutes  which  was  maintained  for  3  hours  and  slowly  re¬ 
turned  to  control  values  over  6  days.  Increased  synthesis  was  found 
to  be  equal  among  the  three  major  renal  phospholipids:  phosphotidyl- 
choline,  lysophosphotidylcholine,  and  sphingomyelin. 

Enzymes 

With  the  increases  in  protein  and  nucleic  acid  synthesis  in  the 
renoprival  kidney  well-established,  attention  turned  toward  enzymatic 
changes  that  might  be  responsible  for  the  accelerated  synthesis,  /s 
discussed  earlier,  some  of  the  enzymes  involved  in  the  BNA  synthetic 
pathway  show  increased  activity  peaking  at  24  to  48  hours  after  nephrec- 
tom y/  Alkaline  ribonuclease  concentration  is  increased  in  the  adapting 

kidney  within  4  hours  and  remains  elevated  for  3  weeks Arterio¬ 
venous  differences  in  the  RNAse  concentration  and  characterization  of 
the  enzyme  indicate  that  this  species  is  of  plasma  origin  implying 
increased  renal  absorption  from  the  glomerular  filtrate.  This  deduction 
raises  the  possibility  that  protein  reabsorption  by  the  proximal 
tubule  is  increased  for  other  species  as  well. 

In  the  area  of  protein  and  amino  acid  metabolism,  Paik  and  Kim 
found  the  specific  activity  of  epsilon-lysine  acylase  to  be  increased 
maximally  35%  at  3  days  post-nephrectomy  in  rats.  As  might  be  expected 
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from  the  leek  of  increase  in  ^C-glutamine  incorporation,  both  Lotspeich^2 

and  Katz  and  Epstein^  found  no  change  in  glutaminese  activity..  On  the 

other  hand,  the  mitochondrial  enzyme  glutamic  dehydrogenase  has  shown 

89 

a  90  to  100#  increase  in  the  proximal  and  distal  tuhules. 

There  is  no  apparent  increase  in  Krehs  cycle  activity  in  the 

glomeruli  including  isocitrate  dehydrogenase  and  succinic  dehydrogen- 
49  91 

ase.  *  Lotspeich  reported  no  changes  in  the  activity  of  the  hexose 

monophosphate  shunt  enzymes  which  produce  rihose  for  incorporation  into 
62 

nucleic  acids.  However,  Earquhar  and  associates  assayed  the  combined 

activity  of  glucose-6-phosphate  dehydrogenase  and  6-phosphogluconate 

dehydrogenase  as  "hexose  monophosphate  shunt  dehydrogenase"  and  found 

biphasic  increases  in  specific  activity  of  25#  at  36  hours  and  40#  at 
23 

72  hours,  These  peaks  are  coincident  with  the  peaks  in  mitotic 
activity.  Little  work  has  been  done  on  the  enzymes  of  oxidative  phos¬ 
phorylation,  but  there  appear  to  be  no  changes  in  cytochrome  oxidase  or 

in  reduced  nicotinamide  dinucleotide  cytochrome  reductase,6''  Both 
95  89 

acid  phosphatase  and  alkaline  phosphatase  are  elevated  and  glucose- 

.  49 

6-phosphatase  shows  no  change. 

The  activity  of  sodium-potassium-adenosine  triphosphatase  (Na-K- 

ATPase)  in  kidney  microsomes  parallels  the  progressive  increases  in 

GER  and  tubular  sodium  reabsorption,  suggesting  that  this  enzyme  may 

49 

be  responding  to  the  increased  filtered  sodium  load.  ' 

Curiously,  hypertrophy  due  to  ammonium  chloride  acidosis  yields 

1 4 

kidneys  which  exhibit  increased  x  C-glutamine  incorporation  and  no 
14  *  A 

change  in  C-leucine  incorporation.  Appropriately,  the  acidotic 
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kidney  also  shows  increased  glutaminase  activity.  The  exact  meaning 
of  these  changes  with  regard  to  the  specific  stimulus  for  hypertrophy 
remains  unknown, 

NORMAL  INFLUENCES  ON  KIDNEY  GROWTH 

Age 

The  kidney  mass  obviously  increases  proportional  to  the  growth  of 

the  animal,  but  in  the  rat  a  qualitative  change  in  kidney  growth  occurs 

around  the  time  of  adolescence,^5^  In  pre-adolescent  rats  renal  growth 

is  dominated  by  hyperplasia  as  indicated  by  a  baseline  LI  of  59  per 

10,000  cells.  In  adult  rats  growth  continues  but  hyperplasia  gives 

way  to  hypertrophy  as  shown  by  a  decrease  in  baseline  LI  to  11  per 
98 

10,000.  Adolescence  in  rats  occurs  at  body  weights  of  90  to  100  gm  in 
males  and  80  to  120  gm  in  females.1-^  This  transition  in  normal  renal 
growth  is  thought  to  result  from  the  inhibitory  effect  of  androgenic  and 
estrogenic  hormones  on  hyperplasia.  Consideration  to  this  finding  must 
be  given  in  interpreting  data,  and  unless  otherwise  stated  the  reports 
in  this  paper  are  derived  from  adult  experimental  animals. 

The  changes  in  renal  DNA  biochemistry  occurring  during  normal 
aging  suggest  that  the  character  of  the  renal  response  to  contralateral 
nephrectomy  may  also  be  age-related.  Capacity  for  compensatory  renal 
growth  is  retained  throughout  life  in  rats,  although  the  magnitude  of 
the  response  may  diminish  with  advancing  age.  Young  rats  show  a  greater 
percentile  increase  in  mass  than  older  rats,  and  this  difference  is 
apparent  as  soon  as  7  days  post-nephrectomy,^  By  8  weeks  a  12  month 
old  rat  has  regenerated  25^  more  new  renal  tissue  than  a  21  month  old 
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ret.  The  accelerated  response  of  the  younger  animals  is  reflected 

in  the  MI  and  LI  data.  The  LI  in  weanling  rats  increases  from  59  to 

a  peak  of  3^0  after  %  hours  while  the  LI  in  adults  increases  from  11 

98 

to  120  at  36  hours.  As  might  have  been  expected  intuitively,  age 
is  an  important  determinant  of  the  rate  and  character  of  compensatory 
growth.  In  studies  not  intended  specifically  to  examine  age  effects, 
animals  of  approximately  the  same  age  should  he  used. 

Diet 

Diet  has  long  been  known  to  have  an  effect  on  normal  and  adaptive 

renal  growth.  Rats  fed  a  high  protein  diet  of  casein  and  30'/ 

gelatin  can  show  increases  of  59/  in  renal  mass  and  30/  in  RNA/DNA.^0 

Likewise,  compensatory  renal  growth  has  also  been  shown  to  be  potentiated 

1  22 

by  protein  in  the  diet,  *  The  incremental  increase  in  renal  mass  7 

days  after  nephrectomy  has  been  doubled  in  both  young  and  old  rats 

55 

by  administration  of  a  high  protein  diet.  Outside  of  the  general 

nutritional  benefit,  the  specific  role  of  protein  in  accelerating  renal 

growth  is  unknown.  Conversely,  fasting  has  been  shown  to  diminish  the 

compensatory  growth  response.  Twenty-four  hours  after  nephrectomy 

fed  rats  show  a  Yl%  increase  in  protein/DNA  ratio  and  fasting  rats  show 

no  significant  increase. ^  Data  on  fasting  and  protein  feeding  suggest 

that  diet  is  an  important  determinant  of  the  magnitude  of  compensatory 

growth  possible.  The  liver  also  responds  to  protein  hydrolysate  a.dmin- 

3 

istration  with  increases  in  RNA/DNA  and  protein/DNA. 
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Endocrinology 

The  role  of  the  various  endocrine  glands  in  normal  and  compensa¬ 
tory  renal  growth  is  not  clear.  Some  of  the  confusion  is  attributable 
to  the  difficulty  in  interpreting  experiments.  A  typical  study  involves 
ablation  of  the  endocrine  organ  of  interest  and  administration  of 
various  extracts  presumed  to  restore  hormonal  activity. 

In  rats  hypophysectomy  alone  reduces  the  renal  mitotic  count  per 

high-power  field  from  control  level  of  5.17  to  1.57  and  totally  elim- 

32 

inates  the  increase  to  31.58  seen  with  uninephrectomy.  In  dogs  hypo¬ 
physectomy  prevents  compensatory  renal  growth  as  determined  by  kidney 
weight,  and  administration  of  a  crude  extract  of  adenohypophysis  restores 
compensatory  growth  capacity.'7  Similar  results  are  reported  in  rats 

where  compensatory  growth  abolished  by  hypophysectomy  can  be  partially 

26 

restored  with  growth  hormone  replacement.  Interestingly,  long-standing 
compensatory  hypertrophy  in  rats  can  be  reversed  by  hypophysectomy  2 
weeks  after  nephrectomy.^  Unilateral  ligature  of  the  ureter  normally 
produces  marked  atrophy  of  the  kidney  within  20  days,  but  administration 
of  bovine  anterior  pituitary  extract  inhibits  this  atrophy. Numer¬ 
ous  other  surgical  variations  have  been  performed  which  further  verify 
the  importance  of  the  anterior  pituitary  to  renal  growth.  The  pitui¬ 
tary  itself  responds  to  uninephrectomy  in  rats  with  markedly  increased 
uptake  of  ^H-thymidine  but  no  apparent  morphologic  or  histologic 
changes. ^ 

Since  growth  hormone  replacement  is  most  effective  in  restoring 
renal  growth  after  hypophysectomy,  it  is  a  strong  candidate  for  the 
active  renotropic  substance  in  the  pituitary.  Electrophoretically 
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homogeneous  adrenocorticotropic  hormone  produced  no  change  in  kidney 

histology  or  weight  when  given  to  young  rats.*^  The  situation  in 

liver  is  similar  with  growth  hormone  potentiating  regeneration.  Rats 

with  partial  hepatectomy  which  received  subcutaneous  growth  hormone 

showed  earlier  and  higher  mitotic  peaks  and  higher,  more  prolonged 

18 

DNA  synthesis  when  compared  to  rats  with  hepatectomy  alone. 

Thyroidectomy  in  rats  produces  increased  pituitary  weight,  dis¬ 
appearance  of  acidophils,  and  increased  numbers  of  basophils.  Many 

large  cells  of  unknown  origin  appear  filled  with  hyalin  substance  and 

122 

are  called  " thyroidectomy  cells,'®  ^  Since  acidophils  produce  growth 
hormone  and  are  decreased  by  thyroidectomy,  we  might  expect  thyroidec¬ 
tomy  to  also  interfere  with  normal  renal  growth.  In  rats  thyroidectomy 
alone  slightly  reduces  kidney  weight,  but  thyroidectomy  and  uninephrec¬ 
tomy  yield  a  compensatory  growth  response  comparable  to  uninephrectomy 
alone, ^  Similarly,  a  thyroid  gland  inhibitor  such  as  thiourea  does 

not  restrict  compensatory  renal  growth.^  Nephrectomy  in  rats  induces 

3 

marked  increases  in  H-thymidine  uptake  in  the  thyroid  and  morphologic 
changes  including  enlargement  of  the  columnar  follicle  cells  and  a 

o/ 

decrease  in  follicular  colloid. 

Adrenalectomy  drastically  reduces  the  increase  in  renal  mitotic 
counts  usually  seen  after  nephrectomy, However,  adrenalectomy  and 
uninephrectomy  together  produce  exaggerated  compensatory  growth  of 
the  renal  cortex  when  salted  drinking  water  is  administered.^0  This 
suggests  that  the  adrenal  may  potentiate  renal  growth  through  the 
regulation  of  sodium  reabsorption.  In  rats  supplied  with  isotonic 
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spline  and  given  daily  injections  of  deoxycorticosterone  acetate  an 
increase  in  renal  mitotic  activity  is  seen  with  peaks  at  2  and  8 

8i 

days  similar  to  uninephrectomy.  However,  these  experiments  were 
performed  on  rats  of  100  to  130  gm,  and  the  data  may  have  been  influ¬ 
enced  hy  the  change  in  MI  occurring  at  puberty.  Aldosterone  increases 
tubular  sodium  reabsorption  and  has  been  shown  to  increase  renal  RNA 

17 

synthesis  in  vivo.  Both  effects  are  blocked  by  actinomycin  D. 

The  possible  role  of  sex  hormones  in  renal  growth  could  be  de¬ 
duced  by  the  shift  from  hyperplasia  to  hypertrophy  seen  at  puberty 

qO  4  oo 

in  rats.  ’  The  compensatory  renal  growth  response  in  adult  rats 
and  mice  is  predominantly  hypertrophy  with  minimal  hyperplasia.  Treat¬ 
ment  of  nephrectomized  mice  with  nortestosterone  phenylproprionate 

stimulates  even  further  increases  in  kidney  weight  and  RNA  concentra- 

44 

tion  but  further  depresses  DNA  synthesis.  Conversely,  castration 

diminishes  the  increases  in  weight  and  RNA  concentration  in  the  reno- 

prival  kidney  while  increasing  the  DNA  concentration4^1’^4  and  nuclei 
133 

count.  In  brief,  androgens  stimulate  hypertrophy  while  castration 
favors  hyperplasia. 

Renin  injected  subcutaneously  or  intraperitoneally  inhibits  renal 
weight  gain  after  contralateral  nephrectomy.10.  Possibly  the  kidney 
self-regulates  growth  by  negative  feedback  through  its  own  products. 

It  is  evident  that  several  endocrine  glands  function  to  potentiate 
compensatory  renal  growth.  However,  the  search  for  a  specific  humoral 
factor  which  initially  stimulates  the  response  has  been  futile.  As 
will  be  discussed  later,  experiments  with  parabiotic  animals  and  with 
post-nephrectomy  serum  extracts  have  failed  to  positively  identify  a 
circulating  substance  with  renotropic  activity. 
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EXTRAORDINARY  INFLUENCES  ON  KIDNEY  GROWTH 

Studies  on  the  effects  of  age,  diet,  and  endocrine  secretions  have 
elucidated  the  normal  physiology  of  renal  growth  hut  have  not  defined 
the  stimulus  for  compensatory  hypertrophy.  Several  nonphysiologic 
experimental  maneuvers  have  been  employed  with  interesting  results. 

Metabolic  Acidosis 

Chronic  metabolic  acidosis  produced  by  administration  of  ammonium 
chloride  to  rats  results  in  true  renal  hypertrophy  to  the  same  degree 
as  uninephrectomy. RNA  and  protein  content  per  kidney  are  signi¬ 
ficantly  Increased  within  24  hours  after  nephrectomy  whereas  48  hours 
of  ammonium  chloride  administration  are  required  to  produce  similar 
increases.  Different  mechanisms  of  growth  stimulation  are  suggested 
by  the  fact  that  hypertrophic  effects  of  metabolic  acidosis  and  nephrec- 

/o 

tomy  are  additive.  Renal  tissue  adapting  to  nephrectomy  shows  in¬ 
creased  incorporation  of  ^C-leucine  and  no  increase  in  utilization 
1 4 

of  x  C-glutamine.  Acidotic  renal  tissue  shows  increased  glutamine 

10 

uptake  and  a  decrease  in  the  leucine  uptake. 

Folate 

The  most  pronounced  renal  growth  response  can  be  produced  by  a 

119  Q 

single  injection  of  folic  acid.  Autoradiography  with  Dji-thymidine 
shows  a  sixteen-fold  increase  in  cortical  labeling  at  36  hours  after 
folate  injection  and  a  dramatic  thirty-four-fold  increase  in  medullary 
labeling  after  24  hours.  Recall  that  the  maximum  labeling  in  the  reno- 
prival  kidney  is  a  ten-fold  increase  seen  in  the  cortex  after  40  to  48 
hours.  Folate  accumulates  rapidly  in  the  kidney  and  forms  crystalline 
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precipitates  in  the  medullary  tubules  causing  a  mechanical  blockage 
119 

of  function.  Therefore  this  model  of  hypertrophy  may  be  more 

/q  -a  pi 

comparable  to  post-renal  obstruction  than  contralateral  nephrectomy,"  9  J 

Trauma 

The  effect  of  trauma  on  kidney  growth  has  been  studied  with 
equivocal  results.  Multiple  needle  punctures  to  the  renal  cortex  in 
mice  produces  an  increase  in  mitotic  counts  in  both  the  damaged  kidney 
and  the  cortex  of  the  contralateral  kidney.'*  Furthermore,  the  response 
in  the  contralateral  cortex  is  of  comparable  magnitude  to  the  response 
seen  with  uninephrectomy.  However,  attempts  to  reproduce  these  results 

in  male  rats  failed  to  show  any  increase  in  mitoses  in  the  contra- 

21 

lateral  kidney  by  autoradiography. 

Cold  Exposure 

Cold  exposure  also  appears  to  evoke  a  renal  growth  response  in 
the  hamster,10-^  While  both  nephrectomy  and  cold  exposure  produce 
increases  of  40  to  45$  in  wet  kidney  weight  at  14  days,  they  appear 
to  have  a  greater  effect  together.  The  hyperplastic  response  usually 
seen  2  days  after  nephrectomy  is  delayed  by  cold  exposure  to  14  days. 

Radiation 

Five  hundred  rads  of  whole  body  radiation  reportedly  inhibits 
compensatory  renal  growth  in  female  rats1CD  but  this  treatment  alters 
too  many  other  factors  to  be  easily  interpretable.  The  effect  of 
irradiation  on  diet,  gastrointestinal  function,0^  and  the  lymphoid 
system2'7  may  be  more  important  than  any  direct  suppression  of  kidney 
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cells.  In  feet  the  suppression  of  compensatory  renal  growth  in  mice 

produced  hy  350  rads  of  whole  body  radiation  is  reversed  by  adminis- 

27 

tration  of  normal  spleen  cells.  This  implies  that  the  lymphoid 
system  has  at  least  a  potentiating  role  in  compensatory  growth. 

STIMULI  FOR  COMPENSATORY  KIDNEY  GROWTH 

Descriptions  of  the  morphologic,  functional  ,  and  biochemical 
changes  occurring  in  compensatory  renal  growth  have  not  clarified  the 
possible  stimuli  for  these  changes.  Likewise,  studies  on  the  normal 
and  extraordinary  influences  on  renal  growth  have  not  explained  why 
the  renoprival  kidney  hypertrophies.  To  approach  this  problem  more 
directly,  researchers  have  proposed  various  hypotheses  regarding  the 
character  of  the  unknown  stimulus  and  then  designed  appropriate  ex¬ 
periments. 


Nervous  Stimuli 

A  role  for  the  central  or  autonomic  nervous  systems  is  virtually 
precluded  by  the  fact  that  the  transplanted  kidney  is  capable  of  compen¬ 
satory  growth.  On  studies  of  human  kidney  transplants  and  donors  it 
has  been  shown  that  the  denervated,  transplanted  kidney  has  similar 
sodium  regulation  and  renin  secretion  to  the  remaining  kidney  of  the 
donor. ^  In  dogs  degeneration  of  the  renal  nerves  occurs  with  renal 

transplantation,  and  regeneration  is  negligible  until  12  weeks  post- 
88 

operatively.  Obviously,  the  functional  adaptations  of  the  compen¬ 
sating  kidney  do  not  require  intact  innervation. 
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Work  Hypothesis 

The  work  hypothesis  states  that  the  kidney  shows  compensatory 

growth  under  circumstances  where  its  work  is  increased.  The  increased 

renal  mass  in  rats  fed  a  high  protein  diet  was  originally  thought  to 

he  a  response  to  the  increased  filtered  load  of  urea.  The  effect  of 

urea  on  renal  work  is  now  known  to  be  negligible  since  it  is  passively 

reabsorbed. ^  Renal  work  is  99%  extracellular  fluid  regulation  which 

is  accomplished  through  the  selective  reabsorption  of  ions  from  the 
h£  A  7 

tubular  filtrate.  *  Sodium  is  the  major  ion  concerned,  and  its 

tubular  reabsorption  is  closely  correlated  with  renal  oxygen  consump- 

tion,  *  Unfortunately,  increased  sodium  reabsorption  has  not  proved 

to  be  the  stimulus  for  compensatory  renal  hypertrophy.  In  1935s  .Allen 

and  Mann  first  showed  the  separation  of  renal  work  from  hypertrophy 

by  demonstrating  that  a  sodium  diet  increased  urine  output  but  did 

not  increase  hypertrophy,"^  Katz  and  Epstein  have  since  shown  that  the 

increases  in  filtered  sodium  load  and  in  tubular  sodium  reabsorption 

50 

are  not  significant  until  3  days  after  nephrectomy.  Changes  in 
morphology  and  biochemistry  precede  increased  sodium  transport  by  days 
and  must  therefore  be  initiated  by  other  factors.  A  more  recent  study 
has  shown  that  both  actinomycin  D  and  cycloheximide  inhibit  the  in¬ 
creases  in  GFR  and  RPF  after  nephrectomy  but  have  no  effect  on  cell¬ 
ular  hypertrophy  as  measured  by  weight  and  RNA/D M  ratio.  ^  This  again 
demonstrates  that  hypertrophy  and  increased  function  can  be  separated. 
Similarly,  phospholipid  metabolism  remains  elevated  kO%  in  the  adapting 
kidney  even  when  sodium  reabsorption  is  experimentally  decreased  by 
35$. 51 
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Surgical  approaches  to  the  work  hypothesis  have  attempted  to 
eliminate  the  excretory  function  of  one  kidney  without  performing 
actual  nephrectomy.  Ureteral  ligation  in  rats  produces  marked  increases 
in  the  Mp2  and  LI^  of  the  ipsilateral  kidney.  Despite  undergoing  in¬ 
creased  GPR,  sodium  reabsorption,  and  renal  mass,  the  contralateral 

kidney  shows  only  modest  hyperplasia  which  is  far  short  of  that  seen 
32 

with  nephrectomy.  In  mice  35  days  after  acute  ureteral  ligation,  the 
contralateral  kidney  shows  increases  in  protein,  RN.A ,  and  DNA  content 
over  controls. ^  However,  the  effects  of  ureteral  ligation  may  he  due 
to  unilateral  hydronephrosis  rather  than  the  loss  of  renal  function. 

To  more  selectively  affect  function,  investigators  have  performed  vari¬ 
ous  ureteral  diversions  to  recirculate  the  urinary  output  of  one  kid¬ 
ney,  Severing  the  ureter  results  in  a  small  increase  in  renal  mitotic 
32 

counts.  Unilateral  ureteral  diversion  to  the  peritoneum  produces 

increases  in  the  GFR  and  filtered  sodium  load  in  hoth  kidneys  hut  pro- 

127 

duces  no  increase  in  renal  mass,  '  Likewise,  unilateral  uretero- 
duodenostomy  fails  to  initiate  any  increase  in  renal  mass.1'1  Perhaps 
a  substance  in  the  urine  which  would  stimulate  renal  growth  is  meta¬ 
bolized  in  the  liver.  A  more  recent  study  in  rats  showed  that  con¬ 
tinuous  intravenous  reinfusion  of  one-half  the  urine  output  produces 
a  greater  increase  in  total  renal  mass  than  uninephrectomy.  Other 
techniques  including  ureterovenous  anastomosis1-  have  been  attempted 
with  mixed  results.  The  problem  with  interpretation  of  such  experi¬ 
ments  is  in  differentiating  the  effects  of  the  surgical  manipulation 
from  the  effects  of  the  lost  renal  function. 


29 


The  work  hypothesis  is  intuitively  appealing,  end  some  of  the 
ureteral  diversion  experiments  have  lent  support  to  its  validity. 
However,  sodium  transport  represents  the  hulk  of  renal  work,  and  the 
independence  of  compensatory  renal  growth  from  increases  in  sodium 


reabsorption  disproves  the  work  hypothesis  as  presently  conceived. 
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The  work  hypothesis  suffers  a  similar  fate  in  the  small,  bowel  where 

24  122  123 

compensatory  growth  can  be  seen  independent  of  increased  function,  ’ 


Humoral  Hypothesis 

The  most  popular  theory  of  compensatory  renal  hypertrophy  holds 

that  stimulation  is  provided  by  a  humoral  mediator.  This  humoral 

hypothesis  was  mentioned  peripherally  in  the  discussion  of  endocrine 

effects  on  renal  growth.  Restating  briefly,  the  major  endocrine  axes 

have  been  shown  to  have  potentiating  roles  in  renal  adaptation.  The 

possibility  of  a  humoral  factor  has  been  more  directly  addressed  by 

experiments  with  post-nephrectomy  serum  and  parabiotic  animals. 

Prospects  for  the  characterization  of  the  humoral  mediator 

appeared  excellent  in  1958  following  the  experiments  of  Ogawa  and 
92 

Nowinski.  Serum  was  obtained  from  rats  2  days  after  nephrectomy  and 
was  added  to  the  incubation  medium  of  renal  outer  medullary  cells.  The 
post-nephrectomy  serum  stimulated  a  two-fold  increase  in  the  mitotic 
ratio  of  the  medullary  cells.  The  activity  of  the  serum  was  found 
to  be  heat-stable,  nondialyzable,  and  organ-specific.  The  precedent 
in  this  area  of  research  had  already  been  set  by  earlier  studies  on 
the  effects  of  post-hepatectomy  serum  on  primary  liver  explants  and 

pO 

normal  fibroblasts,  Lowenstein  and  Stern  injected  rats  with 
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post-nephrectomy  serum  twice  daily  for  3  days  and  found  renal  labeling 

indices  intermediate  between  those  of  control  animals  and  those  under¬ 

go 

going  nephrectomy,  J  Subsequent  attempts  to  reproduce  in  vivo  hyper¬ 
plasia  with  intraperitoneal  injection  of  post-nephrectomy  serum  have 
failed.  However,  24  hour  post-nephrectomy  plasma  has  been  shown 

to  stimulate  incorporation  of  thymidine  and  uridine  into  DNA  and  RNA 
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in  incubated  kidney  slices  but  not  in  liver  slices.  ' 

Parabiotic  experiments  have  also  attempted  to  demonstrate  that 
the  renotropic  activity  circulates  in  the  serum.  Much  of  the  back¬ 
ground  for  parabiotic  studies  comes  from  earlier  research  on  liver 
regeneration.  When  a  pair  of  rats  were  joined  by  carotid  to  jugular 
cross-circulation,  partial  hepatectomy  in  one  animal  produced  increased 
liver  wet  weight  and  a  six-fold  increase  in  hepatic  mitoses  in  the  non- 
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operated  partner.  ^  The  response  of  the  nonoperated  parabiont 
was  reported  as  not  signif icantly  different  from  the  response  of  the 
liver  remnant  in  the  hepatectomized  partner.  A  later  attempt  to  re¬ 
produce  this  data  showed  no  statistically  significant  increase  in  the 

104 

Ml  or  LI  in  the  liver  of  the  nonoperated  partner.  Alston  and  Thomson 
claimed  that  the  standard  parbiosis  procedure  exchanged  only  0.03  to 
0.10  ml  of  blood  per  minute,  and  thus  did  not  allow  sufficient  cross¬ 
circulation  for  the  exchange  of  hepatotropic  activity.  They  developed 
a  new  parabiosis  technique  which  exchanged  40  ml  of  blood  per  minute 

but  still  could  find  no  increase  in  hepatic  MI  in  the  nonoperated 
2 

partner.  Later  studies  have  reported  that  cross-circulation  must  be 
maintained  for  at  least  10  to  20  hours  for  positive  results. 
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The  principles  of  parabiosis  were  soon  applied  to  the  search  for 
a  humoral  factor  in  compensatory  renal  growth.  Initial  studies  on 
renal  hypertrophy  in  parabionts  showed  that  uninephrectomy  in  one 
partner  produced  no  growth  response  in  the  other. Subsequent  re¬ 
search  by  the  same  group  and  others  has  demonstrated  increased  renal 
weight ,  RNA/DNA ,  and  DNA  labeling  in  the  intact  parabiont,  although  in 
some  studies  the  hypertrophy  was  not  as  great  as  in  the  remaining  kid¬ 
ney  of  the  nephrectomized  partner, A  more  recent  study 
combining  parabiosis  with  nephrectomy  and  ureteral  ligation  demonstrated 
that  lost  renal  mass  rather  than  lost  excretory  function  is  the  deter¬ 
minant  of  compensatory  renal  hypertrophy.-^  Perhaps  normal  renal  cells 
elaborate  a  circulating  growth  inhibitor  which  shows  decreased  concen¬ 
tration  after  a  portion  of  the  renal  mass  is  ablated.  This  so-called 
tissue  mass  hypothesis  is  a  variation  on  the  humoral  hypothesis. 

Nephrectomy  performed  in  the  last  trimester  in  pregnant  mice  re¬ 
sults  in  the  usual  increases  in  mitotic  counts  and  RNjft/DNA  in  the  re¬ 
maining  maternal  kidney  but  produces  no  changes  in  the  same  parameters 
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in  the  fetal  kidneys.  *  .Among  the  several  possible  explanations 
are  that  the  proposed  humoral  factor  does  not  cross  the  placenta,  the 
fetal  kidneys  are  already  growing  at  a  maximum  rate,  or  the  fetal  kid¬ 
neys  are  incapable  of  responding  to  the  stimulus  in  their  immature 
state. 


If  a  humoral  factor  is  indeed  the  stimulus  for  compensatory  renal 
hypertrophy,  one  might  expect  the  factor  to  be  elaborated  by  renal 
cells  or  at  least  be  in  highest  concentration  in  the  kidney.  With  this 
in  mind,  variously  treated  homogenates  of  renal  tissue  have  been  injected 


, 
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intraperitoneally  in  rats  undergoing  nephrectomy.  The  inconclusive 
result  of  these  maneuvers  is  a  $0%  decrease  in  the  mitotic  peak,2*2 

Perhaps  the  most  persuasive  evidence  for  a  humoral  stimulus  of 
compensatory  renal  growth  is  the  fact  that  transplanted  kidneys  ex¬ 
hibit  the  full  range  of  hypertrophic  changes. In  dogs  small 
liver  autografts  transplanted  to  an  intestinal  pedicle  show  a  response 

to  partial  hepatectomy  intermediate  between  control  and  the  liver 
112 

remnant.  The  analogous  experiments  with  kidneys  have  not  been 
reported  in  the  literature.  The  humoral  hypothesis  cannot  be  extended 
to  cardiac  hypertrophy  since  both  ventricles  receive  blood  from  the 
aorta  through  the  coronaries,  and  left  ventricular  hypertrophy  is  often 
seen  without  concomitant  right  ventricular  growth.^2 

Hemodynamic  Hypothesis 

A  hemodynamic  hypothesis  for  compensatory  renal  growth  proposes 
that  the  increases  in  renal  blood  flow  and  glomerular  filtration 
stimulate  adaptive  hypertrophy.  Since  increased  renal  “blood  flow  would 
both  increase  the  delivery  of  a  humoral  stimulant  and  increase  renal 
work,  this  theory  borrows  concepts  from  both  the  humoral  and  work 
hypotheses.  In  the  normal  rat  the  right  kidney  is  consistently 
heavier  and  has  a  greater  number  of  mitochondrial  profiles  than  the 
left.  J  An  explanation  offered  for  this  is  that  the  right  renal  artery 
is  shorter  and  leaves  the  aorta  before  the  left  thus  giving  the  right 
kidney  slightly  greater  blood  flow  and  presumably  greater  work.  But 
as  discussed  previously,  renal  reabsorptive  work  lags  far  behind  the 
morphologic  and  biochemical  changes  associated  with  hypertrophy.  While 
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increased  renal  blood  flow  does  not  appear  to  stimulate  growth,  renal 
ischemia  prior  to  contralateral  nephrectomy  potentiates  a  greater  in¬ 
crease  in  kidney  weight  than  with  nephrectomy  alone. how  this 
result  bears  on  a  possible  hemodynamic  stimulus  for  hypertrophy  is 
unknown  and  only  serves  to  illustrate  the  complexity  of  the  issue. 

In  dogs  arterialization  of  the  portal  vein  via  the  splenic  artery 
or  the  aorta  fails  to  produce  any  significant  change  in  the  mitotic 
index  of  the  liver. ^  The  results  of  these  and  other  studies*^  have 
shown  that  increases  in  tissue  perfusion  or  oxygenation  are  not  respon¬ 
sible  for  stimulating  liver  regeneration. 


THESIS 

The  distinction  between  hypertrophy  and  hyperplasia  is  well- 
established  in  the  literature  of  renal  and  hepatic  compensatory  growth. 
While  hyperplasia  has  been  relatively  well-defined  as  increased  DNA 
synthesis  and  cellularity,  the  term  "hypertrophy"  fails  to  differen¬ 
tiate  between  increased  cell  size,  qualitative  morphologic  changes, 
increased  RNA  synthesis,  and  increased  protein  synthesis.  It  has  been 
generally  assumed  that  estimates  of  protein  and  RNA  synthesis  provide 
comparable  assessments  of  "hypertrophy."  However,  elementary  cellular 
biochemistry  reminds  us  that  protein  is  translated  from  RNA.  Possible 
alterations  of  this  relationship  should  be  investigated  with  regard 
to  the  initial  stimulus  for  compensatory  growth.  Regardless  of 
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whether  the  hypothesized  stimulating  substance  is  of  humoral  or  intra¬ 
cellular  origin,  it  obviously  exerts  an  effect  on  the  biochemistry  of 
the  renal  cell.  This  initial  effect  may  be  primarily  on  RNA  synthesis 
in  the  nucleus  from  which  increased  protein  synthesis  would  follow  or 
may  be  on  cytoplasmic  protein  translation.  The  distinction  between 
nuclear  and  cytoplasmic  sites  of  stimulator  action  would  be  the  first 
step  toward  elucidating  the  molecular  mechanism. 

From  the  data  currently  available  and  presented  in  the  review  of 
literature,  no  difference  in  the  responses  of  RNA  and  protein  synthesis 
to  uninephrectomy  has  been  discerned.  Both  appear  to  be  elevated  early 
on  and  show  more  dramatic  increases  than  DNA  synthesis.  Bulk  accretion 
is  increased  in  both  cases  but  this  is  perhaps  not  as  sensitive  as 
synthetic  rate.  Protein  synthetic  rate  has  been  extremely  well-charac¬ 
terized  with  both  in  vivo  and  in  vitro  measurements  using  leucine  and 
methionine.  The  most  definitive  work  in  this  area  is  that  of  Coe  and 
Korty  on  the  uptake  of  -^S-methionine  in  protein  synthesis  in  incubated 
slices  of  hypertrophied  renal  tissue.  As  discussed  above,  this  method 
eliminates  possible  contributions  to  tracer  uptake  from  hemodynamic 
changes  after  nephrectomy.  With  increased  blood  flow  to  the  renoprival 
kidney,  increased  tracer  incorporation  may  represent  increased  specific 
activity  of  the  precursor  pool  rather  than  actual  increased  synthesis, 
Coe  and  Forty’s  experiments  conclusively  establish  the  increment  in 
protein  synthetic  rate  occurring  soon  after  nephrectomy,20  However, 
comparable  experiments  for  RNA  synthesis  have  not  been  reported  in  the 
literature.  Most  estimates  of  RNA  synthesis  have  been  performed  with 
intraperitoneal  injection  of  tracers  which  introduces  the  specific 
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problems  discussed  above,  One  of  the  me jor  goals  of  this  paper  will 
be  to  perform  in  vitro  assay  of  RNA  synthesis  in  hypertrophied  kidney 
slices  24  hours  after  nephrectomy. 

In  Coe  and  Korty’s  paper  protein  synthesis  was  found  to  be  nonsigni- 
ficantly  increased  during  the  first  24  hours  after  nephrectomy,  re¬ 
turned  to  control  values  at  24  hours,  and  went  on  to  show  significant 

20 

increases  beyond  24  hours.  The  biphasic  pattern  of  protein  synthetic 
rate  was  reproduced  in  their  measurements  of  bulk  protein  accretion. 

The  present  study  will  attempt  to  confirm  that  protein  synthetic  rate 
in  vitro  is  the  same  in  hypertrophied  and  control  kidney  slices  at 
24  hours  post-nephrectomy.  More  importantly,  measuring  the  rate  of 
RNA  synthesis  at  the  same  time  point  will  allow  some  deductions  as  to 
why  protein  synthesis  is  unchanged  over  control.  The  three  possibilities 
should  be  noted.  If  RNA  synthesis  is  increased,  the  hypertrophying 
stimulus  would  appear  to  be  accelerating  nuclear  RNA  production.  In 
this  case,  protein  synthesis  would  be  unchanged  possibly  because  of 
insufficient  time  for  cytoplasmic  diffusion  of  RNA  molecules  relevant 
to  protein  synthesis.  If  RNA  synthesis  is  either  identical  or  decreased 
compared  to  control,  then  the  24  hour  time  point  represents  a  lull  in 
the  otherwise  increasing  biochemical  activity  of  renoprival  tissue. 


MATERIALS  AND  METHODS 

Experiments  were  performed  on  adult  male  Sprague-Dawley  rats  of 
200  to  300  gm.  Rats  were  housed  six  to  a  cage  in  the  Yale  animal 
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quarters  and  maintained  on  Purina  rat  pellets  and  water  ad  libitum. 
Animals  were  selected  randomly  for  control,  sham,  and  nephrectomy. 

For  any  given  experiment,  three  rats  were  chosen  and  brought  to  the 
laboratory  where  left  nephrectomy  and  sham  operation  were  performed 
through  left  flank  incision  on  two  of  the  three.  Care  was  taken  not  to 
disturb  the  adrenal  gland  in  operated  animals.  Sham  operation  consisted 
of  dissecting  away  the  perinephric  fat  and  exposing  the  renal  pedicle. 
.Animals  were  housed  in  the  laboratory  for  the  24  hours  prior  to  sacri¬ 
fice  and  had  access  to  food  and  water  during  this  time. 

Twenty-four  hours  after  operation,  the  rats  were  weighed,  sacrificed 
by  stunning,  and  nephrectomized.  The  harvested  right  kidneys  were 
trimmed  of  perinephric  fat  and  tissue  and  immediately  placed  in  chilled 
and  oxygenated  Joklik's  minimum  essential  medium.  The  medium  was  pre¬ 
pared  in  the  standard  fashion  except  for  the  addition  of  12,5  ml  of 
1  M  Hepes-KOH  buffer  (pH  7,6)  to  each  liter.  Medium  was  sterilized  by 
membrane  filtration  and  oxygenated  with  glass  bubbler  before  use.  Kid¬ 
neys  were  sliced  to  0,5  mm  thickness  on  a  Stadie-Riggs  hand  microtome 
(Arthur  H.  Thomas  Co,,  Philadelphia)  and  slices  were  immediately  placed 
in  Joklik*s  medium.  Approximately  four  to  five  slices  of  renal  tissue 
weighing  0.15  to  0,25  gm  were  placed  in  each  incubation  flask  with 
6,75  ml  of  Joklik*s  medium  and  0,75  ml  of  water.  For  each  kidney,  three 
separate  incubation  flasks  were  set  up  corresponding  to  the  three  dura¬ 
tions  of  incubations  1,  3»  and  6  hours,  a  pulse-labeling  technique 
was  used  with  radioactive  metabolic  precursors  added  to  the  incubation 
medium  one  hour  before  the  end  of  incubation.  In  experiments  on  RNA 
synthesis  a  double  label  was  employed  with  50  microcuries  each  of 
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5-^H-orotic  acid  (Amersham  TRK  84)  and  2-%-adenine  (New  England 
Nuclear  NET-350)  added  to  each  incubation  flask.  Specific  activities 
of  the  isotopes  were  20  curies  per  mmol  and  15.5  curies  per  mmol* 
respectively.  To  assay  protein  synthesis*  approximately  64  microcuries 
of  L-^S-methionine  (Amersham  SJ  204)  were  added  to  the  incubation 
medium.  Specific  activity  of  the  methionine  was  ll60  curies  per  mmol. 
Incubation  flasks  containing  kidney  slices  and  Joklik's  medium  were 
placed  in  a  Gyrotory  Water  Bath  Shaker  (New  Brunswick  Scientific*  Edison, 
NJ)  at  37*0  and  3  rotations  per  second  under  an  atmosphere  of  9 5^ 
oxygen  and  5%  carbon  dioxide.  Flasks  were  incubated  for  1*  3*  end  6 
hours  with  radioisotopes  introduced  at  0,  2*  and  5  hours*  respectively. 

At  the  end  of  the  incubation  period  the  Joklik*s  medium  was  re¬ 
moved  from  the  flask  with  a  Pasteur  pipette*  the  kidney  slices  were 
rinsed  once  with  medium*  and  then  the  samples  were  transferred  to 
17x100  mm  polypropylene  tubes  and  frozen  in  liquid  nitrogen.  Samples 
were  stored  at  -  40° C  for  later  analysis. 

Homogenization  buffer  was  prepared  by  adding  4.28  gm  sucrose*  5  ml 
of  0.2  M  tris-HCl  (pH  7.5),  0.5  ml  of  0.4  M  MgCl2,  0.5  ml  of  1  M  KC1 , 
and  then  diluting  to  50  ml  with  water.  Tissue  was  thawed  completely 
and  homogenized  in  1  ml  of  buffer  for  approximately  1  minute.  Homo¬ 
genate  was  transferred  to  1.5  ml  polypropylene  microcentrifuge  tubes 
and  spun  at  18,000  rpm  for  20  minutes.  The  supernatent  fluid  was  then 
transferred  to  12x75  mm  clear  tubes  using  Pasteur  pipettes  and  taking 
special  care  not  to  disturb  the  centrifuged  pellet.  The  supernatent 
fluid  was  tfyen  analyzed  for  both  protein  content  and  tracer  incorporation. 

Protein  content  was  determined  by  the  Folin-Ciocalteu  method 
popularized  by  Lowry  and  associates.^  Standards  were  prepared  by 
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using  0,  10,  20,  30,  and  40  microliters  of  a  50  mg  per  50  ml  bovine 
serum  albumin  solution,  /bsorption  was  measured  at  500  nm  on  a  Beckman 
Model  25  spectrophotometer,  and  micrograms  of  protein  in  the  samples 
were  estimated  hy  comparison  with  the  standard  BSA  curve. 

In  tracer  incorporation  experiments  with  short  incubation  time 
it  becomes  important  to  extract  the  labeled  species  of  interest  to 
avoid  contamination.  This  extraction  is  simplified  greatly  by  modi¬ 
fications  of  the  technique  of  Schmidt  and  Thannhauser^  for  nucleic 
acid  determination.2^*^  The  basic  principle  is  to  treat  the  sample 
with  acid  and  alkali  such  that  RNA  is  hydrolyzed  into  acid-soluble 
mononucleotides  and  DNA  and  protein  precipitate  out.  The  variations 
described  by  Siekevitz^and  Mans  and  Novelli''*’  have  proven  to  be  the 
most  useful.  Since  details  of  the  present  technique  are  different  from 
those  previously  reported  in  the  literature,  the  extraction  steps  will 
be  enumerated. 

For  RNA  extraction,  four  3MM  Whatman  filter  papers  were  labeled 
for  each  sample:  two  "hot"  and  two  "cold*’ ,  Fifty  microliters  of  the 
supernatent  fluid  from  above  was  pipetted  onto  each  filter  paper,  allowed 
to  dry  approximately  15  seconds,  and  was  placed  in  chilled  10%  trichloro¬ 
acetic  acid  (TCA),  After  20  minutes,  the  filter  papers  were  washed 
twice  with  cold  5$  TCA.  At  this  point  the  papers  labeled  "cold"  were 
washed  once  more  with  cold  Si  TCA.  The  "hot"  filter  papers  were  placed 
in  5%  TCA  and  heated  to  95  to  100°  C  for  30  minutes.  Both  “hot"  and 
"cold"  samples  were  then  washed  three  times  with  5$  TCA  and  twice  with 
95$  ethanol  and  allowed  to  air  dry.  Filter  papers  were  placed  in 
scintillation  vials  with  5  ml  of  Aquasol  universal  counting  cocktail 
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(New  England  Nuclear  NEF  93^)  and  then  counted  for  %  on  Channel  1  of 
Program  #1  of  the  Beckman  LS  7000  scintillation  counter.  Background 
was  consistently  less  than  5%  of  the  total  counts.  Both  "hot**  and 
"cold"  samples  were  performed  in  duplicate,  and  the  mean  values  were 
used.  Since  RNA  is  solubilized  by  the  hot  TCA,  the  tritium  counts  per 
minute  incorporated  into  RNA  were  derived  from  the  "cold”  minus  the 
"hot"  samples. 

Determination  of  ^S-methionine  incorporation  into  protein  was 
identical  except  that  only  duplicate  pairs  of  "hot"  samples  were 
necessary.  RNA  was  again  solubilized  in  hot  TCA  while  the  protein 
counts  were  precipitated  on  the  filter  papers  and  thus  counted  directly. 

35s  activity  was  counted  on  Channel  2  of  Program  #3*  and  background 
was  again  negligible. 

Comparison  of  the  means  for  both  RNA  and  protein  synthesis  was 
accomplished  by  computing  t-values  for  small  sample  sizes.  Linear  re¬ 
gression  equations  for  synthetic  rate  versus  incubation  time  were  cal¬ 
culated  using  the  standard  method  of  Snedecor  and  Cochran]^  and  slopes 
were  compared  by  F- values,  Curvilinearity  was  tested  by  calculating 
quadratic  regression  equations  for  each  set  of  data  and  comparing  the 

mean  square  of  the  deviations  from  quadratic  form  with  deviations  from 

97  114 

linear  regression,  1  9 

Statistical  significance  for  the  ratios  of  protein  synthetic  rate 
to  RNA  synthetic  rate  was  difficult  to  test  since  the  data  were  unpaired. 

It  was  performed  by  rearranging  the  relationship  as  follows; 

mmiflt-inn  dh  •  (Protein  synthetic  rate)i  i,  (Protein  synthetic  rate)? 

q  ffl*  (RNA  synthetic  FaTeTi  <  '  CRNA  synthetic'  rate)"2 
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Equation  #2:  (Protein  synthetic  rate)^(RNA  synthetic  rate)2  ^ 

(Protein  synthetic  rate )9 (RNA  synthetic  rate)j 
Since  the  standard  error  of  the  product  is  equal  to  the  product  of  the 
standard  errors,  the  significance  of  Equation  #2  can  he  tested  by  con¬ 
ventional  t-values.  In  all  cases,  statistical  significance  was  assessed 
by  a  P  value  of  less  than  ,05. 


RESULTS 

Due  to  the  variable  age  end  thus  variable  specific  activities  of 

isotope  batches,  the  results  of  any  given  experiment  were  standardized 

with  respect  to  the  mean  of  all  experiments.  All  results  are  given  as 

the  specific  activity  per  microgram  of  protein  to  correct  for  varying 

amounts  of  tissue  in  the  kidney  slices, 

RNA  synthetic  rate  was  determined  in  rat  kidney  slices  in  fourteen 

3  3 

experiments.  Results  of  -'H-adenine  and  H-orotic  acid  incorporation 
into  RNA  are  expressed  as  ('‘cold’9  com  -  "hot"  cpm) /microgram  protein. 
Means  and  standard  errors  for  each  incubation  time  are  given  in  Table  I, 

Table  I  -  Rate  of  RNA  Synthesis 

RNA  cpm  per  microgram  protein 

Hours  of  incubation  _ Control  _ Sham _ Nephrectomy 

1 


3 

6 


57*3  t  11.6  65.7  +  13.0  33.0  +  5.5 
94.7  t  12.2  80.7  1  12,3  50.0  t  7.0 
114.5  i  16.4  96.3  ±  1 7.3  99,6  ±  20.? 
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Graphical  representation  of  the  RNA  synthesis  data  is  seen  in  Figure  I. 
The  hypertrophied  or  renoprival  kidney  slices  showed  significantly  de¬ 
pressed  rates  of  RNA  synthesis  compared  to  control  (P< ,05)  and  sham 
(P<.01)  at  1  hour  and  again  compared  to  control  (P<  .005)  and  sham 
(P<.025)  at  3  hours.  No  statistically  significant  differences  are  seen 
at  6  hours  of  incubation.  Linear  regression  equations  were  derived  for 
the  RNA  synthetic  rate  versus  the  time  of  incubation.  However,  this 
proved  to  be  of  little  value  since  no  significant  differences  (P=»05) 
were  found  between  the  slopes  of  the  control,  sham,  and  nephrectomy 
lines.  Data  was  also  analyzed  for  curvilinearity,  but  linear  regression 
was  found  to  give  a  better  fit  in  all  cases. 

The  extreme  variation  between  samples  was  reflected  in  the  large 
standard  errors,  and  it  was  questioned  whether  this  represented  tech¬ 
nical  problems  or  actual  differences  between  experimental  animals.  It 
was  thought  that  some  manual  error  could  be  introduced  in  the  process  of 
homogenization.  Longer  and  more  vigorous  homogenization  could  lead  to 
greater  disruption  of  nuclei  and  release  of  nuclear  RNA.  Several  trial 
samples  were  homogenized  for  differing  lengths  of  time  and  centrifuged. 
Their  residues  were  examined  microscopically,  and  in  all  cases  nuclei 
were  found  to  be  95%  intact. 

To  approach  the  problem  of  experimental  variation  more  directly, 
duplicate  samples  containing  slices  from  the  same  control  kidney  were 
run  in  three  experiments.  Results  are  shown  in  Table  II  and  Figure  II. 
Outside  of  the  major  discrepancy  between  two  samples  from  kidney  #3, 
duplicate  samples  showed  good  agreement  verifying. the  reproducibility 
of  the  technique.  The  major  source  of  variation  thus  appears  to  be 
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Figure  I 
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between  kidney  tissue  from  different  animals,.  Also  apparent  from 
Figure  II  is  the  fact  that  inter-animal  variation  greatly  increases 
with  time  of  incubation. 

Table  II  -  Rate  of  RNA  Synthesis  in  Duplicate  Samples 

Hours  of  RNA  cpm  per  microgram  protein 

incubation  Kidney  #1 _ Kidney  #2 _  Kidney  #3 


1 

102.6,  142,9 

129.0,  126.7 

132,1,  124,5 

3 

220.6,  191.2 

77.6,  92.8 

160.4,  51.6 

6 

240,2,  194.4 

75.1,  101.7 

191.9,  240.3 

Protein  synthetic  rate  in  rat  kidney  slices  was  determined  in 
five  experiments.  The  rate  of  incorporation  of  35s„methionine  into 
protein  is  given  by  "hot”  cpm/microgram  protein.  Means  and  standard 
errors  for  each  incubation  time  are  presented  in  Table  III. 

Table  III  -  Rate  of  Protein  Synthesis 

Protein  cpm  per  microgram  protein 

Hours  of  incubation  Control _ Sham _ Nephrectomy 

1  129.2  1  12.8  142.6  1  19.1  13^.6  1  13.3 

3  200.8  ±  18.6  195.6  ±  33.7  175.6  t  14 .7 

6  243.0  ±  1 6.3  242.8  ±  22.2  274,2  t  22,7 

Protein  synthetic  rate  as  a  function  of  incubation  time  is  graphed  in 
Figure  III.  No  statistically  significant  differences  (p=.20)  are  seen 
between  control,  sham,  and  nephrectomy  at  any  time.  Again,  linear  re¬ 
gression  slopes  are  not  significantly  dissimilar,  and  the  data  are  not 
curvilinear. 

As  translation  follows  transcription,  protein  synthetic  rate  might 
be  expected  to  show  a  relation  to  RN.A  synthetic  rate.  In  the  interest 
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Figure  III 
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of  viewing  the  present  results  from  this  perspective,  the  date  have 
been  presented  in  Table  IV  end  Figure  IV  as  the  rate  of  protein  syn¬ 
thesis  relative  to  the  rate  of  RN A  synthesis. 


Table  IV  -  Rate  of  Protein  Synthesis/Rate  of  RNA  Synthesis 


Hours  of  incubation 

Control 

Sham 

Nephrectomy 

1 

2.255 

2.170 

4,079 

3 

2.119 

2.424 

3.512 

6 

2.123 

2.521 

2,753 

Renoprival  tissue  is  found  to  he  significantly  above  both  sham  and 
control  at  all  time  points  (P < .001) .  Control  and  sham  are  identical  at 
1  hour  (P=.125)  but  sham  is  significantly  greater  at  3  and  6  hours  (P<»001). 


PATE  PR OT  SYN/  PATE  PNA  SYN 
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Figure  IV 


Pate  of  protein  synthesis/ 
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DISCUSSION 

Before  discussing  the  interpretation  of  these  results ,  a  few 
comments  should  he  addressed  to  the  technical  aspects  of  the  method. 

If  a  molecular  stimulus  for  renal  hypertrophy  is  eventually  identi¬ 
fied,  it  most  likely  will  he  extracted  from  the  kidney  itself  or  post¬ 
nephrectomy  serum.  In  any  case  one  of  the  most  difficult  problems  in 
the  purification  of  such  a  substance  is  the  development  of  a  sensitive 
and  specific  assay.  Past  experiments  with  tissue  homogenates  thought 
to  contain  stimulatory  activity  have  injected  the  extract  intravenously 
or  intraperitoneally  and  then  assayed  for  hypertrophy  in  the  intact 
kidneys.  Such  in  vivo  assay  systems  have  met  with  little  success. 

More  promising  is  the  in  vitro  incubation  of  thin  slices  of  normal  kid¬ 
ney  with  active  extracts  and  measurement  of  tracer  incorporation.  One 
group  has  reported  successful  assay  of  renotropic  activity  in  post¬ 
nephrectomy  serum  with  this  technique, ^ 

Theoretically,  when  normal  kidney  slices  are  incubated  with  ever- 
increasing  purifications  of  hypertrophying  extract,  the  biochemical  re¬ 
sponse  will  approach  that  of  hypertrophied  kidney  slices.  Therefore, 
the  initial  step  in  standardization  of  the  method  would  be  to  incubate 
normal  and  hypertrophied  kidney  slices.  The  effects  of  extracts  could 
then  he  judged  by  their  relation  to  these  standards,  A  major  practical 
problem  with  this  approach  is  that  homogenates  and  extracts  of  serum  or 
tissue  appear  to  invariably  cause  biochemical  suppression  below  control 
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levels ,  In  further  steps  of  extract  purification  one  may  be  moving 
toward  control  values  rather  than  starting  above  control  and  moving 
toward  hypertrophy.  Of  course,  the  danger  is  that  one  could  be  puri¬ 
fying  water. 

Another  technical  problem  is  that  the  incorporation  of  RN.A  pre¬ 
cursors  proved  to  vary  widely  between  experimental  animals.  Variation 
was  of  such  magnitude  that  the  results  of  any  given  experiment  might 
not  correctly  foretell  the  qualitative  averaged  result  of  several  ex¬ 
periments,  In  other  words,  RNA  synthetic  rate  in  hypertrophied  kidney 
slices  was  not  necessarily  depressed  below  control  in  every  experiment. 
Approximately  ten  total  experiments  utilizing  thirty  animals  were 
necessary  to  establish  statistical  signif icance.  The  experimental  pro¬ 
cedure  is  time-consuming  with  about  two  full  laboratory  days  required 
per  experiment.  Application  of  this  in  vitro  technique  of  incubating 
kidney  slices  as  an  assay  for  renotropic  activity  of  various  extracts 
would  constitute  a  long-term  study.  Since  differences  between  reno- 
prival  and  control  tissue  in  RNA  synthesis  were  significant  but  small, 
one  might  expect  the  increment  produced  in  normal  tissue  by  extracts  to 
be  even  more  minute. 

Another  point  in  evaluating  the  results  of  incubation  experiments 
is  that  the  hypertrophied  tissue  is  separated  from  its  stimulus  for 
hypertrophy  at  the  time  of  harvest.  Therefore  the  maximum  difference 
between  hypertrophied  and  control  tissue  should  be  seen  initially,  and 
this  difference  should  decrease  with  time  of  incubation.  Such  was  the 
case  with  the  rate  of  RNA  synthesis  in  the  present  experiments,  a 
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significant  difference  between  renoprival  tissue  and  controls  was  seen 
at  one  and  three  hours  but  had  disappeared  by  six  hours. 

The  present  studies  demonstrate  conclusively  that  in  incubated 
slices  of  hypertrophied  kidney  24  hours  after  nephrectomy  protein  syn¬ 
thetic  rate  is  unchanged  compared  to  control  or  sham  and  the  rate  of 
RNA  synthesis  is  significantly  decreased.  The  former  confirms  the  24 
hour  findings  of  Coe  and  Korty,  but  the  latter  is  a  previously  unre¬ 
ported  result.  Suppressed  synthesis  would  seem  to  contradict  the  con¬ 
sistent  reports  that  there  is  a  10%  hulk  accretion  of  both  RNA  and  pro¬ 
tein  in  the  renoprival  kidney  during  the  first  24  hours,  Since 

the  turnover  of  these  species  is  thought  to  be  unchanged  by  nephrectomy, 
bulk  accretion  must  represent  either  increased  rates  of  synthesis  or 
increased  delivery  from  extra-renal  sources. 

One  could  postulate  that  protein  synthesis  in  the  kidney  cell  is 
entirely  unaffected  by  contralateral  nephrectomy  during  the  first  24 
hours  but  that  the  renal  tubular  cells  reabsorb  a  greater  amount  of 
protein  from  the  increased  glomerular  filtrate.  This  possibility  was 
introduced  briefly  during  discussion  of  the  increased  alkaline  rihonucle- 
ase  activity  four  hours  after  nephrectomy,^"0  To  reiterate,  arterio¬ 
venous  differences  indicated  that  the  RNAse  was  of  extra-renal  origin. 
However,  proposing  an  extra-renal  source  for  the  accretion  of  bulk  RNA 
is  more  difficult,  and  the  increase  in  this  constituent  is  more  likely 
derived  from  intracellular  synthesis. 

To  reconcile  suppressed  synthesis  at  24  hours  with  bulk  accretion, 
the  first  inclination  is  to  offer  that  the  shock  of  in  vitro  incubation 
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prevents  the  usual  increases  in  "biochemical  synthetic  rates  seen 
in  vivo*  However,  the  same  factors  would  affect  results  from  control 
and  sham-operated  animals,  and  thus  comparison  of  the  results  should 
remain  valid.  When  compared  to  sham,  the  hypertrophied  kidney  slices 
had  no  reason  to  show  decreased  RNA  precursor  incorporation  other  than 
previous  exposure  to  contralateral  nephrectomy.  Thus  the  normal  and 
decreased  synthetic  rates  for  protein  and  RNA,  respectively,  appear  to 
"be  true  findings  representing  a  lull  at  24  hours  which  follows  earlier 
increases  in  biochemical  activity.  The  biphasic  pattern  of  protein 

p  a 

synthetic  rate  with  a  trough  at  24  hours  was  already  well-established. 

The  decrease  in  RNA  synthetic  rate  at  24  hours  offers  a  reasonable  ex¬ 
planation  for  the  24  hour  trough  in  protein  synthesis. 

as  discussed  above,  it  was  hoped  that  simultaneous  in  vitro  meas¬ 
urements  of  protein  and  RNA  synthesis  might  lead  to  some  understanding 
of  the  relationship  between  nuclear  and  cytoplasmic  events  in  compensa¬ 
tory  renal  growth.  If  the  24  hour  trough  in  protein  synthesis  is  actually 
a  secondary  effect  following  from  suppressed  transcription,  this  would 
suggest  that  regulation  of  hypertrophy  proceeds  from  nucleus  to  cyto¬ 
plasm,  However,  protein  synthesis  may  be  relatively  increased  to  main¬ 
tain  control  levels  in  view  of  suppressed  transcription.  This  point 
is  best  illustrated  in  figure  IV,  In  any  case,  RNA  synthesis  is  not 
responding  to  cytoplasmic  stimulation  of  translational  activity. 

The  reasons  for  depressed  RNA  synthesis  at  24  hours  are  subject 
only  to  speculation  at  this  time,  RNA  synthesis  is  increased  early  on 
but  perhaps  diminishes  at  the  end  of  24  hours  as  protein  synthesis 
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accelerates.  Alternatively,  the  trough  in  the  Mphasic  pattern  of  pro¬ 
tein  synthesis  may  represent  a  transition  between  production  of  differ¬ 
ent  RNA  species.  Understanding  the  kinetics  of  renal  RNA  synthesis 
immediately  after  contralateral  nephrectomy  would  obviously  contribute 
to  characterization  of  the  molecular  stimulus  for  hypertrophy. 

Several  conclusions  are  evident  from  the  present  study.  Although 
tissue  incubation  and  tracer  incorporation  for  estimation  of  synthetic 
rates  give  significant  results  over  several  trials,  the  technique  is 
not  conducive  to  rapid  assay  for  renotropic  activity  in  extracts.  The 
major  advantage  of  this  method  is  that  it  allows  direct  study  of  bio¬ 
chemical  changes  in  renoprival  tissue  with  the  exclusion  of  hemodynamic 
factors  present  after  nephrectomy  in  in  vivo  preparations,  When  used 
in  this  manner  the  technique  shows  decreased  RNA  synthetic  rate  and  un¬ 
changed  protein  synthesis  in  hypertrophied  renal  tissue  24  hours  after 
nephrectomy.  An  alternative  interpretation  is  that  protein  synthesis 
is  relatively  stimulated  but  that  its  response  is  limited  by  suppression 
of  transcription.  Since  significant  bulk  accretion  of  both  RNA  and 
protein  occurs  during  the  first  24  hours,  synthesis  must  be  increased 
early  on  in  the  compensatory  response.  Thus  depressed  synthetic  rates 
at  24  hours  suggest  that  the  biochemical  events  of  compensatory  renal 
growth  a.re  biphasic* 
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